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ABSTRACT 
Homocysteine (Hcy) is formed from methionine (Met) and is distributed in two metabolic pathways: in the process of 
remethylation to Met and in the process of transsulfuration to cysteine. Hyperhomocysteinemia (HHcy) is a risk factor for 
cardiovascular and neurological diseases such as: Alzheimer’s and Parkinson’s diseases, multiple sclerosis, and stroke. 
Increased Hcy level may lead to endothelial dysfunction due to impaired bioavailability of endothelium-derived nitric oxide 
(NO). The molecular mechanism decreasing the levels of NO in HHcy conditions is incompletely understood, but it seems 
that asymmetric dimethylarginine (ADMA), an endogenous inhibitor of NO synthase, may be a key factor. ADMA is formed 
from L-arginine by enzymes in the family of protein N-methyltransferases (PRMT) and may undergo hydrolysis to L-
citrulline and dimethylamine with the participation of dimethylaminohydrolase (DDAH). In pathological conditions such as 
neurodegenerative diseases, Hcy may lead to increased ADMA concentrations by inhibiting the activity of DDAH. Several 
drugs, such L-dopa, antiepileptic drugs, and lipid-lowering drugs, may interfere with the metabolic pathways of thiols, 
leading to an alteration of plasma Hcy and ADMA levels. It seems that administration of L-arginine, in conjunction with B 
vitamins, to patients with HHcy may be a new method in the treatment of neurodegenerative diseases. 
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1. INTRODUCTION  
Current literature indicates that a change in the concentration of asymmetric dimethylarginine (ADMA) in 
hyperhomocysteinemic (HHcy) conditions in patients with neurological diseases, such as stroke [1-3], Alzheimer’s disease 
(AD) [4-6], Parkinson’s disease (PD) [7], multiple sclerosis (MS) [8-10], and in patients treated with L-dopa, antiepileptic 
drugs (AEDs) and lipid-lowering drugs. Siniscalchi et al. [11] indicated that fibric acid derivates, such as fenofibrate and 
cholestyramine, may increase plasma Hcy levels. It has also been observed that statins, that lower the concentration of 
homocysteine (Hcy) [e.g. simvastatin at a dose of 80 mg/day], may also decrease ADMA levels [12]. The effectiveness of 
lowering the concentration of ADMA by statins depends both on the type of pharmaceutical formulation, as well as dose 
amount. Most research indicates that simvastatin, atorvastatin and pravastatin do not reduce the concentration of ADMA, 
and their mechanism of improvement of endothelial function is associated with decreased levels of other cardiovascular 
factors. However, the study by Lu et al. [13] on rosuvastatin and the research by Oguz and Uzunlulu [14] on fluvastatin 
indicate that a dose of 80 mg/day of either statin for 6 weeks leads to lower concentrations of ADMA. 
2. METABOLISM OF HOMOCYSTEINE AND ADMA 
Homocysteine is formed from methionine (Met) and is distributed in two metabolic pathways: in the processes of 
remethylation and transsulfuration. Remethylation of Hcy to methionine (Met) may be re-converted to Hcy using S-
adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH) or transsulfurated to cysteine (Cys) using cystathionine 
β-synthase (CBS).
 
A product of Met demethylation, SAM is considered to be the main donor of methyl groups in numerous metabolic 
processes, leading to the formation of methyl derivatives. It is believed that one of the products of the methylation of SAM 
is ADMA [15].  
ADMA, also known as dimethylargininase, is an endogenous inhibitor of nitric oxide (NO) synthase (NOS). ADMA 
is formed from L-arginine (Arg), contained in body proteins, by enzymes of the family of the protein arginine N-
methyltransferases (PRMT) [16]. There are various known methyltransferase proteins, differing by their location in the 
human body, their products, and the specificity of their substrate. It has been shown that ADMA is a product of PRMT type 
I, symmetric dimethylarginine (SDMA) is a product of PRMT type II, and monomethylarginine (MMA) is a product of both 
PRMT type I and II [15]. ADMA can undergo hydrolysis to L-citrulline and dimethylamine with the participation of 
dimethylaminohydrolase (DDAH) [17]. There are two known forms of the enzyme DDAH, namely DDAH I and DDAH II. 
DDAH I occurs in cells that express neuronal NOS (nNOS) whereas DDAH II is found in cells with endothelial NOS 
(eNOS) [16]. However, Hcy increases ADMA concentrations by inhibiting the activity of DDAH, and furthermore can lead 
to a decrease in the production of NO and L-citrulline from Arg with the participation of NOS (see Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1: The metabolism of homocysteine and asymmetric dimethylarginine. 
Hcy- homocysteine, Met- methionine, ADMA- asymmetric dimethylarginine, Arg- arginine, NO- nitric oxide, NOS- 
nitric oxide synthase, DDAH- dimethylarginine dimethylaminohydrolase, SAM- S-adenosylmethionine, SAH- S-
adenosylhomocysteine, PRMT- protein N-methyltransferase, MS- methionine synthase, ASS- argininosuccinate 
synthase, ASL- argininosuccinate lyase. 
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3. HOMOCYSTEINE, ADMA, AND ISCHEMIC STROKE 
Studies conducted in industrialized countries have shown that levels of both Hcy and ADMA correlate with the 
risk of atherosclerosis and cardiovascular disease [18]. Furthermore, it has been shown that elevated levels of both Hcy 
and ADMA in the prooxidative mechanism may lead to vascular endothelial dysfunction, increase smooth muscle cell 
proliferation, and interfere with platelet function and adhesion of monocytes (see Figure 2) [19].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2: Possible mechanism of vascular endothelial damage involving homocysteine and asymmetric 
dimethylamine. 
ADMA- asymmetric dimethylarginine, DDAH- dimethylarginine dimethylaminohydrolase, NO- nitric oxide, ER- 
endoplasmic reticulum; marked with arrows ↑increase, ↓decrease indicates the type of influence the  parameters 
have on the concentration of vascular endothelial function. 
 
In the process of aging and vascular diseases associated with old age (including ischemic stroke), vascular 
endothelial dysfunction involving the NO formed from Arg, a substrate for the biosynthesis of ADMA, and reduced NO 
bioavailability are important factors (see Figure 3). A less well-known interaction between Hcy and ADMA, with the 
development of stroke has been found in patients with stroke, and the possibility of regulating the levels of Hcy and ADMA 
has been considered in the prevention and treatment of stroke. The study by Yoo and Lee [1] conducted on a Korean 
population shows an increase in plasma ADMA concentrations, which also positively correlated with Hcy levels, in patients 
with ischemic stroke - patients aged about 70 years. In addition, the study demonstrated that elevated levels of ADMA are 
a risk factor for ischemic stroke in the elderly, but only for patients with HHcy in the mechanism associated with renal 
vasodilatation, and a risk factor of thrombosis in atherosclerotic patients. An increase in plasma ADMA levels has also 
been found in young patients with ischemic stroke - aged between 15 and 50 years of age [2]. However, multivariate 
regression analysis including Hcy levels in these patients indicated that Hcy is an independent predictor of elevated 
plasma ADMA concentrations in stroke occurring around the age of 40 years. Nonetheless, the studies that Rueda-
Clausen et al. [3] conducted in a Spanish population (238 patients and 238 controls, aged between 58.1 and 77.0 years) 
of stroke sufferers, but with normal renal function, showed that only the level of plasma Hcy, and not ADMA, correlates 
with the onset of ischemic stroke. The lack of correlation between Hcy and ADMA in this group can be explained on the 
basis of one of the mechanisms outlining the relationship between these cardiovascular risk factors. It is expected that the 
reduction in renal excretion of ADMA observed in patients with HHcy, is the result of impaired renal function due to 
elevated levels of creatinine, which often appears in subjects with elevated plasma Hcy.     
It is believed that the effect of Hcy and ADMA in the development of stroke can be treated as a multifactorial 
mechanism and requires a search for effective therapies aiming to reduce the level of ADMA, a risk factor for stroke, e.g. 
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by administration of vitamin E. It has been shown that vitamin E reduces the levels of ADMA in patients with chronic 
kidney disease [20].
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3: Homocysteine and asymmetric dimethylarginine in neurological diseases. 
ADMA- asymmetric dimethylarginine, DDAH- dimethylarginine dimethylaminohydrolase, NO- nitric oxide; marked 
with arrows ↑increase, ↓decrease the level of biochemical parameters. 
 
4. HOMOCYSTEINE AND ADMA IN NORMAL AGING AND ALZHEIMER’S DISEASE 
Homocysteine is considered to be a risk factor for vascular and degenerative diseases [21]. Its elevated levels in 
the CNS can lead to vascular endothelial damage, impaired NO production and the neurotoxicity seen both in aging and in 
some degenerative diseases, including AD. The studies of Dorszewska et al. [6,22] have shown that an increased 
concentration of Hcy in normal aging occurs after 60 years of age it is most likely due to the lowering of Hcy metabolism 
cofactors as a result of physiological weakening of the body's defense and repair mechanisms. The studies of Dorszewska 
et al. [6] have also shown that increased concentrations of Hcy can be generated by developing a degenerative disease, 
and in AD is probably related to a lack of control over the action of presenilin 1 (PS1) [23].  
The studies of Dorszewska et al. [6,22] have also shown that an increased concentration of Hcy in AD patients is 
most likely related to the intensity of the characteristics of dementia in the Mini-Mental State Examination (MMSE) scale, 
because patients with AD were observed to have almost double the levels of this sulfur amino acid in the final stages of 
development of dementia.  
It is believed that Hcy in the body is broken down in two main metabolic pathways, through transsulfuration and 
remethylation (to Met). The studies of Dorszewska et al. [6,22] have shown that the reduction in levels of Met and the Met 
to Hcy ratio, both in normal aging and in degenerative diseases (e.g. AD), is most likely due to an abnormal remethylation 
process of Hcy. One of the newer theories concurrently considers that the low levels of Met to Hcy ratio may be 
associated with an induction of atherosclerosis by Hcy with thiolactone participation [24].  
It has been shown that ADMA in patients with HHcy can lead to vascular endothelial dysfunction (see Figure 3) 
[25]. It is also known that Hcy regulates the concentration of ADMA by blocking the DDAH enzyme. Inhibition of DDAH 
enzyme activity with Hcy participation leading to an increased concentration of ADMA has been shown in cultures of rat 
neurons [4], and an increase in DDAH activity has been shown in brain neurons of AD patients [26]. 
Reports in the literature and the studies of Dorszewska et al. [6,22] have shown that, both in the aging body as 
well as in AD, there is an increase in plasma concentrations of ADMA [5]. It is believed that, during the aging process, 
elevated levels of ADMA contribute to reduced bioavailability of oxygen in vascular endothelium, and may be responsible 
for deterioration of renal excretory function and an increase in blood pressure in the elderly.  
However, it is believed that increased concentrations of ADMA in AD patients may contribute to the deterioration 
of cerebral circulation through a decrease in NO production, increased aggregation and adhesion of leukocytes, vascular 
endothelial dysfunction and development of atherosclerosis [27]. The deterioration of vascular endothelial function is an 
important risk factor for AD and may affect the development of dementia. Furthermore, it is believed that the deterioration 
of cerebral circulation in AD may also affect metabolic disorders, contribute to cognitive function impairment, and 
aggravate degenerative changes in the CNS [27,28]. It is also known that ADMA is considered a risk factor for vascular 
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disease and may lead to hypercholesterolemia, hypertension and stroke. All these disorders are considered risk factors for 
AD. Thus, increased levels of ADMA may contribute to the development of AD via atherosclerosis and stroke events. 
Moreover, studies by Dorszewska et al. [6,22] have observed a downward trend in both concentrations of ADMA and its 
precursor Arg, responsible for generating NO, during the development of dementia. It is possible that level of NO are 
increased during the development of AD, and oxidation of this NO may form reactive derivatives that are actively involved 
in the degenerative process. The studies of Chen et al. [29] in patients with AD also showed lower levels of ADMA in the 
cerebrospinal fluid (CSF), with the development of dementia measuring using the MMSE scale. A reduction in the 
concentration of ADMA in the CSF was also demonstrated in the study of Arlt et al. [5].
 
It is believed that low levels of ADMA in the CSF may be associated with increased levels of NO, peroxynitrite 
production, and damage to macromolecular compounds through oxidative stress, while elevated levels of plasma ADMA 
may indicate the change in NO metabolism that can lead to a deterioration of cerebral microcirculation. 
It seems that both elevated levels of Hcy and ADMA can be regarded as risk factors for AD and may be involved 
in the pathogenesis of this degenerative disease through the different mechanisms that regulate their levels. 
5. HOMOCYSTEINE, ADMA AND PARKINSON'S DISEASE  
Elevated levels of Hcy are a risk factor for vascular disease and may lead to degenerative diseases, such as PD. 
Gorell et al. [30] have shown that patients with PD have an increased risk of cardiovascular disease and stroke, not only 
with the participation of Hcy but also with Cys, the product of Hcy metabolism, through the development of atherosclerosis 
and thrombosis [31]. It is believed that high levels of Hcy in PD may increase the risk of this neurodegenerative disease by 
toxic effects in dopaminergic neurons. In vitro studies conducted on human dopaminergic neurons have shown a 
significant increase in neurotoxicity associated with high Hcy levels [32]. High Hcy concentrations in patients with PD may 
also lead to impaired cognitive and motor skills and the development of depression.
 
The study of Dorszewska and Kozubski [7] demonstrated that, in PD patients, an increase in plasma Hcy 
concentration was accompanied by generation of ADMA. The role of ADMA in the pathogenesis of PD is less known. It 
has been shown that the level of Arg, a substrate for the biosynthesis of ADMA in CSF, increases during the development 
of PD. ADMA can result in changes in the level of NO, which has reactive derivatives that can cause oxidative damage to 
the CNS (see Figure 3). 
It is believed that toxic peroxynitrites play a primary role in the development of PD [33]. This seems to confirm the 
observation that there is no increase in ADMA levels from the second stage of PD, accompanied by decreased levels of 
Arg that are particularly evident in the fourth stage of the development of PD, that has been demonstrated in the study of 
Dorszewska and Kozubski [7]. Thus, the participation of reactive NO derivatives is possible in the toxic damage caused to 
the substantia nigra in PD, and may be controlled by the level of ADMA. Dorszewska and Kozubski [7] have also shown a 
clear decrease in relative blood Arg to ADMA ratio levels in patients with PD. It is believed that a decrease of this ratio in 
the blood may be associated with hypercholesterolemia, heart failure, and hypertension. 
It also seems that the increased ADMA levels in PD can be influenced by L-dopa treatment. Both the study by 
Qureshi et al. [34] and that by Dorszewska and Kozubski [7] have been shown a decrease in Arg levels in PD patients 
treated with this drug. The study by Qureshi et al. [34] also showed that L-dopa therapy produces nitrates, which are 
neurotoxic factors; however, the work by Dorszewska and Kozubski [7] did not show that ADMA may participate in their 
generation. Rather, the increased levels of NO seen in PD appear to be the result of increased activity of the glutamatergic 
system and metabolic changes in neurons [35].  
It seems that in development of neurodegenerative diseases, including PD, in which the metabolism of biothiols, 
i.e. Hcy, Met and Cys is impaired, Hcy and ADMA may be factors involved in disease pathogenesis [7].
 
6. HOMOCYSTEINE, ADMA AND MULTIPLE SCLEROSIS (MS) 
Among neurologic diseases, MS belongs to a group of diseases with disorders in the metabolism of biothiols that 
lead to an increase in Hcy concentration [10]. The study of Triantafyllou et al. [10] showed that increased Hcy levels in 
patients with MS correlate with symptoms of depression. It is known that depression often occurs in patients with MS and 
is associated with disease progression in the EDSS (Expanded Disability Status Scale). Furthermore, according to the 
authors, higher concentrations of Hcy in MS patients with depressive symptoms are associated with low levels of vitamin 
B12 and folate/folic acid (FA) in most cases. The study by Teunissen et al. [36] demonstrated that the Hcy concentration 
correlates with disease progression and is higher in patients with secondary progressive MS (SPMS) compared with 
relapsing-remitting MS (RRMS).
 
It has been shown that HHcy can induce neuronal damage, leading to the activation of macrophages that is an 
important factor in the pathogenesis of MS.  HyperHcy has also been shown to increase inflammation in the CNS by 
reducing the production of apolipoprotein A1 (apoA-1). Apo-A1 counteracts inflammation by stimulating the interaction 
between monocytes and lymphocytes and inhibiting the production of tumor necrosis factor- α (TNF-α) and IL-1β, the 
inflammatory molecules involved in the pathogenesis of MS [37].  
In patients with MS, HHcy may also lead to the development of cerebrovascular atherosclerosis and cognitive 
dysfunction [38]. As demonstrated, cognitive impairment occurs in 30-70% of MS patients (measured on the PASAT scale, 
Paced Auditory Serial Addition Test) particularly in patients with the primary progressive MS (PPMS) [36]. According to the 
authors, further MRI scans of the cerebral cortex of MS patients with HHcy could provide important information on the 
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development of cognitive dysfunction in these patients. One of the mechanisms associated with HHcy in MS appears to be 
a reduced availability of Met, a substrate for the biosynthesis of Hcy with methyl group donor SAM. In the CNS, SAM is 
involved in numerous methylation reactions and in maintaining neuronal homeostasis, and also affects myelin stability 
during de- and remethylation. 
In the literature there are also a few reports indicating a lack of difference in Hcy levels of patients with MS 
compared with controls [39].  
In MS, HHcy may affect the bioavailability of NO produced during the formation of nitrosoHcy. ADMA controls the 
level of NO with the participation of all three NOS isoforms, nNOS, eNOS and induced NOS (iNOS). The study of Masuda 
and Azuma [9] has shown that, in MS, increased plasma levels of ADMA and endogenous methylarginine, along with 
disturbances in the biosynthesis of NO may be involved in the pathogenesis of autoimmune disease (see Figure 3).
 
Participation of dimethylarginine in the pathogenesis of MS was also observed in the preliminary study by Rawal et al. [8], 
where in ADMA excretion in the urine of MS patients (study conducted in 9 patients with MS) shows a decreased trend. 
Participation of Arg methyl derivatives in the pathogenesis of MS requires further study on a larger group of patients. 
7. HOMOCYSTEINE AND ADMA IN PATIENTS WITH EPILEPSY TREATED WITH 
ANTIEPILEPTIC DRUGS 
An increase in the concentration of ADMA under conditions of increasing Hcy levels seems to have organic 
causes [40] and may also be the result of drug therapy [41-43]. The study by Sniezawska et al. [42] shows that epileptic 
patients treated with antiepileptic drugs (AEDs), have an increased Hcy concentration accompanied by increased 
concentrations of ADMA, regardless of the type of drugs or polymorphisms of genes encoding enzymes responsible for 
the efficient metabolism of Hcy to Met.
 
Studies by Snieżawska et al. [42], (especially during long-term treatment with AEDs) and Jonasson et al. [44], 
and Wanby et al. [45] conducted in patients with vascular diseases have shown  that increases in ADMA concentration do 
not always result from HHcy. As demonstrated in vascular diseases, a lack in increased ADMA concentration under HHcy 
conditions may be associated with subtle renal dysfunction in these patients. 
Moreover, it has been shown that ADMA may mediate the atherosclerogenic action of Hcy [1]. ADMA is known to 
be one of the risk factors for cardiovascular disease and markers of atherosclerosis. The pathological effects of Hcy are 
associated with both the increased levels of ADMA and with a reduced concentration of the metabolite of ADMA and 
substrate for the production of NO, Arg. According to the study of Snieżawska et al. [42],
 
reduced levels of Arg in patients 
with epilepsy may be associated with certain genetic predispositions.  
Patient with heterozygous AG MTR (A2756G) [methionine synthase] and MTHFD1 GA (G1958A) 
(methylenetetrahydrofolate dehydrogenase/methylenetetrahydrofolate cyclohydrolase/ formyltetrahydrofolate synthetase) 
seem to be particularly predisposed to lower levels of this amino acid. It also appears that increased levels of Arg in 
patients with epilepsy treated with AEDs may be associated with the mechanism of epileptogenesis, in which there is a 
resultant increase in the biosynthesis of an excitatory (glutamate) and an inhibitory (GABA) neurotransmitter with the 
participation of this amino acid, or may be the result of mobilization of the body to prevent excessive excitation in the 
mechanism of action of many AEDs, i.e. increased concentration of GABA [46].
 
Decreasing of the Arg level in patients with epilepsy also seems to lead to an impaired balance between Arg and 
ADMA, which according to Dayal and Lentz [47] is most likely the result of increasing oxidative stress associated to 
increased levels of Hcy. The study of Maas [48] showed that oxidative stress associated with pharmacological intervention 
results in generation of ADMA by a change in the expression of the genes responsible for synthesis and distribution of this 
dimethylderivative of Arg. There is literature indicating that there is a change in vascular parameters in epileptic patients 
treated with AEDs [49].
 
8. SUMMARY AND FUTURE PROSPECTS 
Reports in the literature and the results of numerous studies indicate to the involvement of HHcy and ADMA in 
the pathogenesis of neurological diseases, including stroke, AD, PD, and MS, and in the use of AEDs, L-dopa or lipid-
lowering drugs. However, there are also studies that have shown no increase in the level of cardiovascular risk factors 
(Hcy, ADMA) in the development of degenerative disease or resulting from the applied therapy. It also remains unclear 
share increasing level of ADMA in HHcy as a cause of metabolic changes and an affect renal dysfunction. The impact of 
HHcy on the expression of enzymes regulating the levels of ADMA, DDAH and PRMT, in vascular and degenerative 
diseases is poorly understood. Furthermore, it is not clear if the elevated levels of ADMA are involved in the pathogenesis 
of endothelial dysfunction in HHcy conditions, as B vitamins and FA treatment to lower ADMA levels in a high 
concentration of Hcy, as shown in several studies, had no effect. So far, there is also no effective therapy to lower the 
levels of Hcy and/or ADMA for patients with vascular and degenerative diseases, or those receiving some medications. 
These issues require further studies. 
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